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1. INTRODUCTION 
Magnetostriction, or the tendency of certain materials to strain in the 
presence of a magnetic field, is a well known phenomenon that was 
"discovered" by Joule who published his findings on the effects of magnetism on 
iron and steel bars in 18471• What Joule observed was that an iron bar tended to 
lengthen or shorten (strain) depending on the strength and direction of an 
applied magnetic field. lhis suggested that a varying magnetoforce could be 
converted to mechanical motion and paved the way for development of 
magnetostrictive transducers. 
Transducers convert energy from one form to another, a process referred 
to as transduction. Transduction works in either direction. For example, when 
an electrical signal is applied to the terminals of a loudspeaker, a sound is 
produced. Electrical energy has been converted to mechanical and the system is 
referred to as an electromechanical actuator. But a loudspeaker can also convert 
mechanical energy into electrical and act as a microphone (albeit a poor one) or 
electromechanical sensor. If a volt meter is placed across the electrical terminals 
of a loudspeaker, and the loudspeaker diaphragm is driven by some mechanical 
force (someone speaks into the cone), an induced voltage will be observed. 
Mechanical motion has been sensed as a variation in electrical potential. This 
basic concept of transduction applies to a variety of devices and encompasses 
those fashioned using magnetostrictive materials. 
In the case of magnetostrictive transducers, the energy conversion takes 
place via the conversion of a magnetic flux into physical motion or vice versa. 
When the transducer is operated as an actuator, the source of magnetic flux is 
typically a solenoid through which a varying electrical current is passed. Thus, 
magnetostrictive transducers may be thought of as electromechanical devices, 
converting electrical energy into mechanical. 
Magnetostrictive transducers have been used in a variety of applications. 
Some of the earliest attempts at the telephone used magrl~Lostrictive 
transduction. Today, with increased competition from piezoelectric transducers, 
magnetostrictive transducer applications have dwiI1-dled and are limited to 
underwater acoustics (high-power transmitters) and to industrial ultrasound 
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applications2• However, new applications are being sought in the developing 
field of active vibration control. 
Active ~bration control seeks to damp unwanted structural vibrations by 
the application of an appropriate counter force. Typical systems employ motion 
sensors and actuators in a closed loop control system. The requirements for a 
vibration control actuator are that it have suitable bandwidth and dynamic force 
output in a small package that can be incorporated as part of the structure to be 
controlled. Much research has been done exploring the use of piezoelectric 
devices for vibration control. Piezoelectric devices are compact and have a 
reasonable bandwidth, but have had limited success in vibration control due to 
their small displacement capabilities (strain) and high voltage requirements. 
Other actuators have also been tried; however, traditional vibration sources, 
such as moving armature shakers or hydraulic motors are cumbersome. Thus, 
the field is still very open to new transducer technology. 
Until recently, magnetostrictive transducers were merely a more bulky 
alternative to piezomaterials. Strain output was typically not any more and 
often less than available with a comparable piezoelectric transducer. However, a 
new alloy of iron and the rare earth metals terbium and dysprosium has been 
developed to produce a magnetostrictive material capable of magnetically 
induced strains on the order of 2000 ppm, roughly 10 times that available from 
piezomaterials3. This new material is the "giant" magnetostrictive material, 
Terfenol-D. 
Transducers have been fabricated from Terfenol-D by placing a rod of the 
material in a wire solenoid and subjecting the coil to an alternating current. The 
resulting magnetic flux causes vibrations in the rod that can be mechanically 
coupled to other structures. The transducer, so designed, is a vibration source4, 
and much research is underway to investigate the utility of these actuators for 
active vibration control. So far, magnetostrictive transducers have been used 
successfully for vibration control in a beam, and as an active isolation mount for 
a mass subject to base excitation5,6. The material can also be used as a sensor, 
since, as would be expected, there exists a converse magnetostrictive effect 
(Villari effect), though little research has been done in this area to date. 
This thesis considers the possibility of using a single magnetostrictive 
transducer as both sensor and actuator to achieve a self-sensing actuator as was 
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described by Hagood and Anderson7, and Dosch, Inman and Garcia for a 
piezoelectric elements. The motivation for a self-sensing actuator is that it is 
capable of truly collocated control. Collocated control is popular in active 
vibration control, and is a broad term that encompasses any control strategy 
where the control variable is sensed at the point of actuation. In practice, it is 
often difficult to sense and actuate at the same spot since this typically requires 
two separate devices to occupy the same space. However, a self-sensing actuator 
eliminates this problem. In addition, a self-sensing actuator is attractive from 
the standpoint of minimizing the amount of instrumentation required to 
control a structure. An actuator / sensor pair in a single package cuts 
instrumentation in half and reduces the number of system elements subject to 
failure for structural control applications such as large space structures where 
fault tolerance and system redundancy is an issue. 
Self-sensing is not a new concept in transduction; although, it has 
remained a novelty. The first discussion of the idea took place in the 1950's 
when "motional feedback" was proposed as a means of damping mechanical 
resonances in loudspeakers9• Motional feedback is a concept that falls naturally 
out of modelling the transduction process as a two port network. Essentially, it is 
built on the fact that the voltage across the electrical terminals of an 
electromechanical transducer is a "linear" combination of two voltages: one 
induced by the applied potential, the other induced as a result of motion in the 
mechanical system. H a means can be found to separate these two voltages, and 
measure the one due to mechanical motion, then you have a means of using an 
electromechanical transducer as both an actuator and sensor at the same time, 
i.e., a self-sensing actuator. 
The most recent application of this idea has been to piezoelectric actuators. 
Using the concept of self-sensing, piezoelectric actuators were used to damp beam 
vibrations7,8. A piezoelectric actuator was bonded to a test beam and a circuit was 
contrived to measure piezostrain while the actuator was driven. The signal 
proportional to piezostrain was used for feedback control of the actuator. 
Experimental results were promising, and based on these results, a program of 
research was instigated to explore the concept of self-sensing actuation using 
magnetostrictive materials. 
The chapters in this thesis fall into two basic categories: analytical and 
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experimental. The first two chapters develop the analytical approach to the 
problem. Chapter 2 begins with a brief discussion of the analogies that can be 
drawn between electrical and mechanical systems. It then reviews magnetically 
coupled circuit theory, mutual inductance, and the ideal linear electrical 
transformer. These concepts are then applied to the general problem of 
electromechanical coupling, and a method of analyzing transduction is 
presented. The concept of an electromechanical transducer's driving point 
electrical impedance is reviewed as well as the concepts of blocked and motional 
impedances. Chapter 3 takes the analytical techniques developed in Chapter 2 
and applies them to a prototype vibration source or shaker which uses a 
Terfenol-D rod as a drive element. The constiuitive equations for 
magnetostrictive transduction as posed in reference [3] are restated in a form that 
suggests a method of achieving a self-sensing actuator. An equivalent electrical 
circuit model is proposed. From this electric circuit model, a bridge circuit for 
measuring a voltage proportional to strain is developed and analyzed. 
Chapters 4, 5, 6, and 7 report the findings from the expe.rimental 
investigation of self-sensing. Experiments were performed in four general areas, 
thus each chapter reports on one area of experimental research. Chapter 4, 
Preliminary Test of Concept, serves as an introduction to the experimental work. 
This chapter documents the preliminary test of concept experiment that 
involved using a self-sensed signal for feedback control. Based on the test of 
concept and the ensuing research into the mechanisms of magnetostrictive 
transduction, the following three areas were identified for experimental 
investigation: Transducer Electrical Impedance Testing, Transducer Self-sensing, 
and Self-Sensing Vibration Control. Within each of these areas a variety of 
experimental procedures were conceived and executed using specialized lab 
equipment. Chapter 5, Transducer Impedance Testing, reports the results of the 
transducer blocked and driving point impedance tests. It also experimentally 
investigates the driving point impedance of other nominally inductive loads as a 
basis of comparison. Chapter 6, Transducer Self-Sensing Experiinents, 
investigates the ability of the self-sensing bridge circuit to distinguish between 
impedance variations due to electrical and mechanical loading of the Terfenol 
transducer. Chapter 7, Self-Sensing Vibration Control, investigates a feedback 
vibration control experiment where the feedback signal is the self-sensed output 
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of a Terfenol-D transducer. 
The experimental chapters are all organized in a similar fashion. Each 
begins with a brief description of the equipment and test procedures common to 
all tests performed in the chapter. The chapter introductions are followed by 
sections describing the individual experiments and the results obtained. 
Chapter 8, Summary and Conclusions, is the final chapter and 
summarizes the results of the experiments and analysis. Recommendations for 
further research are also suggested. 
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2. TECHNICAL BACKGROUND 
As was briefly alluded to in the introduction, transduction is generally 
analyzed using electrical circuit analogies. The most common method poses the 
problem using a linear "transformer" that behaves like an ideal electrical 
transformer, only instead of coupling two electrical circuits, the linear 
transformer describes the coupling of an electric circuit to a mechanical "circuit". 
The analysis thus requires at least a passing familiarity with electromechanical 
analogies and the electrical circuit concept of an ideal transformer. As an aid to 
readers unfamiliar with these concepts, a brief discussion of electromechanical 
analogies and of two port network theory applied to magnetically coupled 
circuits is included at the beginning of this section. The concepts of self and 
mutual inductance will be reviewed and applied to the electromechanics of 
magnetostrictive transduction. Also, an ideal linear transformer will be 
presented in an example circuit. Readers interested in electromechanical 
anaolgies may wish to investigate Harry Olson's book on the subject10• Written 
nearly forty years ago, it nevertheless includes a design"example for vibration 
control using piezoelectric actuators, and a variety of equivalent circuit models 
for magnetostrictive actuators. More information on the electric circuit theory 
can be found in Chapter 15 in Hayt and Kemmerlyll, or Chapter 13 in Nilsson12 
(the references used for this development). The application of these techniques 
to electromechanical transducers will also be reviewed but is covered in more 
detail by references [1] and [3]. 
With the appropriate analysis techniques reviewed, the constituitive 
equations for Terfenol-D will be presented in Chapter 3 and restated in a form 
relating terminal voltage to the current through the device and the velocity of its 
mechanical system. Readers who are already familiar with magnetically coupled 
circuit analysis techniques and transducer analysis may wish to skip the review 
material and pick up the development at Chapter 3 
2.1 Electromechanical Analogies 
The impedance of an electrical circuit component, Z, arises from Ohm's 
law and is defined as the ratio of the complex voltage across the component to 
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the complex current through the component (Z= Ell). It is, in essence, a transfer 
function between an input current and an output voltage, and as such, the 
concept holds for any passive combination of electrical components (a network). 
Transfer functions can also be written for vibrating mechanical systems and 
there are analogies which can be drawn between electrical and mechanical 
systems. 
Consider a single degree of freedom mechanical system of mass, m, 
stiffness, k, and damping constant, c, as illustrated in Figure 2.1. 
F(t) 
m 
x 
c 
Figure 2.1. Single degree of freedom mechanical system 
Using Newton's second law and setting the sum of the forces equal to the 
product of the mass and its acceleration, the dynamics of this system are 
described by the following 2nd order differential equation: 
rnx+cx+ kx = F(t) (1) 
where F(t) is a sinusoidal excitation. The Laplace transform of this equation, 
assuming zero intitial conditions, yields the following transfer function between 
force and displacement : 
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F(s)· 2 
--= ms +es+k 
X(s) 
from which the following frequency response function (FRF) is obtained by 
substituting joo for s: 
F(joo) k 2· --:..:~ = - moo +]Coo 
X(joo) 
(2a) 
(2b) 
This ~ represents the dynamic stiffness of the system and is simply the inverse 
of the more familiar receptance frequency response function 
(FRF( displacement / force) = "receptance"). 
Mechanical impedance is defined by analogy to Ohm's law13. Sometimes 
in the literature the dynamic stiffness is used as the mechanical impedance, and 
has the dimension force per unit displacement. More typically, mechanical 
impedance is defined by the FRF which relates force and velocity. This 
relationship can be obtained from the dynamic stiffness FRF by dividing by jw. 
R +e(t) 
c 
L 
c 
Figure 22. RLC electrical circuits 
Two basic electrical circuits are illustrated in Figure 2.2. The differential 
equation of motion for the single degree of freedom mechanical system of Figure 
2.1 is rewritten below in terms of velocity and compared with the differential 
equations describing the series and parallel RLC circuits from Figure 2.2: 
m dX + ex + kfxdt = F(t) 
dt (3) 
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di Ri lS°dt ( L-+ +- 1 =et) 
dt C (4) 
C de + 2..e + '!'fedt = i(t) 
dt R L (5) 
where F(t), e(t), and i(t) are the sources of force, voltage, and current, respectively. 
All of these equations have the same form. The terms which occupy 
corresponding positions in the differential equations are called analogous 
quantities. As is evident from the equations, two fundamental analogies can be 
drawn between electrical and mechanical systems. The first can be seen by 
comparing equation 3 and equation 4. This analogy is referred to as the force-
voltage analogy, and the analogous terms are shown in Table 2.1. The second 
analogy can be drawn between equation 3 and equation 5. This is referred to as 
the force-current analogy, and the analogous terms are listed in Table 2.2. 
Table 2.1. Force-Voltage Analogy 
Mechanical System Electrical System 
force, F(t) voltage, e(t) 
mass, m inductance, L 
damping constant, c resistance, R 
spring constant, k reciprocal of capacitance, l/C 
velocity, x or u current, i(t) 
Table 2.2. Force-Current Analogy 
Mechanical System Electrical System 
force, F(t) current, i(t) 
mass, m capacitance, C 
damping constant, c reciprocal of resistance, l/R 
spring constant, k reciprocal of inductance, IlL 
velocity, x or u voltage, e(t) 
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2.2 Magnetically Coupled Circuits 
For an electric circuit (network), a pair of terminals at which a signal may 
enter or leave a network is called a port. A two port network has a pair of 
terminals that may be referred to as the "input terminals" and another pair of 
terminals that may be referred to as the "output terminals". Magnetostrictive 
transduction is a magnetically coupled two port network. When a 
magnetostrictive device is used as an actuator, the "input terminals" are the two 
wire leads of a wound wire solenoid. The output terminals are somewhat more 
nebulous, but can be thought of as the two points of the device between which an 
output mechanical force is generated. The system is magnetically coupled 
because, as previously mentioned, the mechanism for converting electrical 
potential to mechanical motion is magnetic flux. It is illustrative to consider a 
purely electrical example before considering the somewhat more difficult (at least 
conceptually more difficult) electromechanical two port network. 
il 
~ 
+ + 
i, C2 e1 11 Lz ez 
Figure 2.3. Magnetically coupled two port electrical network. 
An example of a two port electrical network is illustrated in Figure 2.3. 
Here, the input is a current source, is! in series with a coil, L1, and the output is 
the open circuit voltage across the terminals of a second coil, L2. A voltage 
appears across L2 because the coil is close enough to L1 that the flux produced by 
the current flowing through L11inks coil L2. Recall that the "self-induced" 
voltage for a coil of N turns is given by Faraday's law as follows: 
dA 
e=-
dt (6) 
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where A is referred to as the flux linkage and is measured in weber-turns. 
Looking at Figure 2.3, it can be seen that the induced voltage, e2t opposes the 
applied current, is. The flux linkage is the product of the magnetic field, ct>, 
measured in webers, and the number of turns linked by the field, N. Magnetic 
field and current are related as follows: 
ct> = PNi (7) 
where P is the permeance of the space occupied by the field. The permeance is a 
function of the spatial geometry of the field and the permeability of that space. 
For nonmagnetic space, the permeance is a constant, and a linear relationship 
holds between magnetic field and current. In our present example we consider 
air core solenoids, thus the linear relationship holds, and voltage and current 
may be related via the following: 
e = dA = deN<!»~ = Ndct>= N~(PNi) = N2pdi = L di 
dt dt dt dt dt dt (8) 
It can be seen above that the self inductance of a coil, L, is proportional to the 
square of the number of turns in the coil. Note, however, that for space 
containing magnetic materials (e.g., a solenoid wound around a ferrous material) 
the permeance varies with the flux and a nonlinear relationship exists between 
magnetic field and current. 
With an equation that describes seH inductance, it is now possible to 
return to the problem of the two port network of Figure 2.3. A voltage exists 
across the output terminals due to the flux created by the current in coil one that 
"links" coil two. Stated using the equations developed above: 
(9) 
where M2 1 is the mutual inductance of L2 with respect to a current in L1· The 
, 
setup can be reversed and it can be shown that: 
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(10) 
where M is referred to as the mutual inductance of the two coils. 
11 M i2 ... ... 
+ 
... ~ + 
e1 11 L, e 2 
Figure 2.4. Coupling with nonzero current flowing in each of the two coils. 
Now suppose that a current is allowed to flow in both meshes, as indicated 
in Figure 2.4. The differential equations which describe this arragement are as 
follows: 
di di? 
e =L _1+ M--
1 1 dt dt (11) 
(12) 
Note that the equations are coupled, and that the voltage at either terminal is 
dependent on the current in both meshes. 
To gain a physical sense of what is happening, consider the mutually 
coupled coils of Figure 2.5. The iron rod provides a path for the magnetic flux. 
Assume current, iI, is positive and increasing with time. By the right hand rule, 
the magnetic flux created by current il is directed downward. It also is increasing 
with time because il is increasing and the magnetic flux is proportional to 
current. Now if i2 is also increasing with time, it too will create a magnetic flux 
that is directed downward and is increasing. The two currents il and i2 produce 
additive fluxes. 
13 
Figure 2.5. Physical construction of two mutually coupled coils. 
The voltage across the terminals of any coil results from the time rate of 
change of the flux. The voltage across coil 1 is thus greater with i2 flowing than 
without. 
Now consider a coil wrapped around a core of Terfenol-D as illustrated in 
Figure 2.6. The voltage drop across the coil results from the time rate of change 
of flux. If the Terfenol rod is subjected to an increasing compressive force, the 
rod will strain. As the rod strains, a change in magnetic flux is produced roughly 
proportional to the rate of strain. This flux combines with that due to the 
current in the coil. Thus, the voltage at the coil terminals of a mechanically 
loaded rod will differ from one without loading. It is this feature of the 
transducer coupling that can be exploited to yield a self-sensing transducer. 
f(t) 
+ 
I' ."- " I , '_ .. , .... _"'" , 
I I 
' ....... -.,,~'\. ... -_/ 
Figure 2.6. Additive fluxes in a rod of Terfenol 
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2.3 Linear Electrical Transformer 
If certain assumptions are made (see Nilsson), two magnetically coupled 
coils, having N1 and N2 turns can be thought of as an ideal linear electrical 
transformer. The ideal transformer is usually depicted as in Figure 2.7, and it can 
be shown for an ideal transformer that the following relations hold: 
+ • 
1 : a 
Ideal 
• + 
e 
2 
Figure 2.7. Diagram of an ideal transformer 
(13) 
(14) 
The rules for selecting the proper algebraic sign for the above equations are 
given by Nilsson as follows: 
1. If the coil voltages are both positive or both negative at the dot marked 
terminal, use a plus sign in equation 13. Otherwise, use a negative sign. 
2. If the coil currents i1 and i2 are both directed into or out of the dot 
marked terminal, use a minus sign in equation 14. Otherwise, use a plus sign. 
+ • 
1: a 
Ideal 
Figure 2 .. 8. Ideal transformer used to couple a source to a load. 
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Ideal transformers can be used to raise or lower the impedance of a load 
and are thus often used to couple a load to a source. This is illustrated in Figure 
2.8. The impedance at the input terminals seen by voltage source Es is E1/I1. 
Using the equations for an ideal transformer and the sign convention above, the 
output voltage and current are related to the input voltage and current as 
follows: 
E = E2 
1 a 
where a is the turns ratio, i.e., a = N2/N1. 
The impedance seen by the source is thus: 
(15) 
(16) 
(17) 
where the ratio E2/I2 is the load impedance ZL. The input impedance is thus 
related to the load impedance as follows: 
(18) 
In a broad sense, the ideal transformer can be viewed as an operator that 
converts an electrical ftload" impedance into an effective input impedance. As 
such, it might be used to describe any "source" that is linearly coupled to a 
"loadft, and it finds frequent application in the description of electromechanical 
transduction, where an electrical "source" is coupled to a mechanical "load" via a 
linear electromechanical transformer. 
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2.4 General Electromechanical Coupling 
Electromechanical transduction takes many forms. The coupling may be 
electrodynamic, electrostatic, magnetic, magnetostrictive, or piezoelectric. To aid 
in the design of devices whose operation is based on these various forms of 
transduction, a general method of analysis based on electric-circuit analogies has 
evolved. Though electric-circuit analogies had been widely used (and still are) to 
study acoustical and mechanical systems prior to the 1950's, credit for the first 
unified discussion of these analytic techniques most likely belongs to F.V. Hunt, 
who published the monograph entitled Electroacoustics The Analysis of 
Transduction, and Its Historical Background, in 1954. The following material is 
based, to a large extent, on the methodologies outlined by Hunt in his 
monograph. 
The analysis of an electromechanical system can be achieved by 
considering an electric circuit coupled to a single degree of freedom mechanical 
"circuit" (a force-voltage analogy; see section 2.1) through a "black box" called a 
transducer as illustrated in Figure 2.9. 
Transducer 
E F 
Figure 2.9. Schematic representation of an electromechanical transducer from 
reference [1] 
In general, following Hunt's development, the transduction equations in 
the frequency domain that describe such an arrangement are as follows: 
F=T l+Z U me'" m 
(19) 
(20) 
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where Ze is the "blocked" electrical impedance (the complex impedance 
measured when the mechanical system is constrained from moving), I is the 
current in the electrical circuit, T em is a transduction coefficient that represents 
the electromotive force (voltage) appearing in the electrical circuit per unit 
velocity in the mechanical circuit, U is the velocity in the mechanical circuit 
(motion of the free end of the Terfenol rod in this case), Zm is the mechanical 
impedance, and T me is a transduction coefficient that represents the force acting 
in the mechanical circuit per unit current in the electrical circuit. 
Since energy is neither created nor destroyed in the process of 
transduction, it can be shown (see references [1] and [2]) that reciprocity holds for 
electromechanical systems and that the transduction coefficients T em and T me 
are of equal magnitude (there is a difference in algebraic sign in 
electromagnetically coupled transducers, but this can be circumvented). The 
transduction equations can thus be written as follows: 
(21) 
F = TI+ZmU (22) 
The transduction coefficient, T, is thus analogous to the mutual inductance, M, 
and it is useful to develop the concept of an ideal electromechanical transformer. 
Figure 2.10. T network equivalent of an electromechanical transducer 
The two port network of Figure 2.9 can be redrawn as shown in Figure 2.10 
where the impedance element + T is common to both meshes. The -T 
impedance elements are included because T is not a coefficient of I in equation 
(21) or of U in equation (22). This is identical to the procedure for mutually 
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coupled coils. Thus, the T network of Figure 2.10 can be written in equivalent 
forms using an electromechanical transformer. An example is presented in 
Figure 2.11. 
T 1:-
Ze 
Ideal 
2 
-l 
Figure 2.11. Typical electromechanical circuit diagram 
2.4.1 Driving Point Impedance 
The driving point impedance is the impedance taken at the "input" 
terminals of the transducer in the absence of any applied signal at the output 
terminals. An electromechanical transducer works in either direction, thus 
when the input is considered electrical the output terminals are mechanical, and 
vice versa. It therefore has two driving point impedances of interest. 
The electrical driving-point impedance at the transducer terminals is 
defined as the complex ratio of the voltage across the terminal pair to the current 
entering and leaving the pair of terminals, when all other electromotive forces 
and current sources are suppressed1• Thus, solving equations (19) and (20) for 
current I in terms of voltage E with F=O leads to the following general expression 
for the driving point electrical impedance of an electromechanical transducer: 
z = (E) = Z + -TemTme 
ee I e Z 
F-O m (23) 
Similarly, if the impressed voltage is held at zero and a mechanical force 
applied, then the driving point mechanical impedance is: 
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z = (F) = Z + -TemTme 
mm m Z 
U E-O e (24) 
Each of these equations suggests that the usual mechanical or electrical 
impedance is modified by the presence of the electromechanical coupling. Thus, 
the driving point impedance can reveal a great deal about the eletromechanical 
interaction. 
Inspection of equation (23) shows the driving point electrical impedance to 
be composed of two terms: Ze, the blocked electrical impedance and a second 
term made up of the transduction coefficients, Tme and Tem, and the 
mechanical impedance, Zm. 
The term containing the transduction coefficients is often referred to as 
the motional impedance, Zmob of an electromechanical device. Thus, the total 
driving point electrical impedance is the sum of the blocked and motional 
impedances. Physically, the equation states that even in the absence of an 
applied external force, the electrical impedance of an electromechanical 
transducer will be modified as a result of the motion of its mechanical 
component. 
The motional impedance, ZmoD can also be written as the product of a 
constant and the mechanical admittance, Y m, as follows: 
-T T Z = em me = (ConstXY ) 
mot Z m 
m (25) 
where Ym is the reciprocal of Zm. Thought of in this manner, one expects the 
contribution of the motional impedance to be slight for low frequencies. 
Admittance is the inverse of impedance (following the practice developed 
for electrical circuits), hence the mechanical admittance of the single degree of 
freedom system is found as follows: 
jw y = ---=:..:----
m (k - m(2) + (jew) (26) 
From equation (26) it can be shown that the admittance goes to zero when the 
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frequency does. Thus, the driving point electrical impedance approximates the 
blocked impedance for excitations well below the first mechanical resonance 
(ru1e of thumb: frequencies at least a factor of ten below the fundamental). 
In the case of the magnetostrictive actuator, in the absence of an external 
load, the mechanical component is a compressively loaded Terfenol rod that 
moves a small seismic mass (approx. 1/3 the rod mass). The rod is a continuous 
system and has infinite degrees of freedom; however, for the range of frequencies 
to be considered it is assumed that the rod behaves like a linear "spring" so a 
single degree of freedom system approximation is appropriate. A plot of the 
driving point electrical impedance versus frequency is therefore expected to 
follow a curve that matches the blocked electrical impedance (inductive load) for 
frequencies well below the system's first resonance. 
2.5 Theoretical Basis for Self-Sensing and Examples 
Equation (21) states that the voltage drop across the terminals of an 
electromechanical transducer is the sum of two terms, one proportional to the 
current through the device and the other proportional to the velocity of the 
mechanical system. This equation suggests that a voltage signal proportional to 
transducer velocity can be obtained by monitoring the voltage drop across the 
transducer terminals and then subtracting the ZeI term. The physical realization 
of this is generally a bridge circuit as illustrated in Figure 2.12, where velocity is 
proportional to E1-E2. 
This method was first proposed to obtain a signal for "motional feedback" 
control of moving voice coil loudspeakers. The differential signal was fed back 
through the power amplifier of a hi-fi system with the intent of damping the 
mechanical resonance of the speaker9. In essence, this was active vibration 
control using a self-sensing actuator. 
More recently, similar strategies have been proposed for piezoelectric 
transducers used in structural vibration control. These efforts have been directed 
at obtaining collocated strain and rate of strain feedback control, as well as 
positive position feedback control, which appears to be a form of model based 
controp,8. A schematic representation of a self-sensing piezoelectric transducer 
used for active vibration control of a cantilevered beam is shown in Figure 2.13. 
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This arrangement significantly damped the first mode resonance of the beam 
when a second order filter was included in the feedback (positive position 
feedback in the literature). A goal of the research reported here was to duplicate 
that experiment using a self-sensing magnetostrictive actuator (see Appendix A). 
Figure 2.12. Bridge circuit for sensing while actuating 
Beam 
t---t Filter 
Capacitor 
11---1 
Piezo 
Figure 2.13. Vibration control example using a piezoelectric self-sensing actuator 
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3. MAGNETOSTRICTIVE TRANSDUCfION 
In order to derive a theoretical basis for a self-sensing Terfenol-D actuator, 
it is necessary to begin with some fundamental relations which describe the 
electromechanical properties of Terfenol-D as an actuator drive element. Figure 
3.1 is a typical plot of strain, E, versus magnetic field intensity, H, for a 
magnetostrictive actuator with Terfenol-D as the drive element. Note that 
positive strain can be obtained for both positive and negative fields. To achieve 
bidirectional motion the material is usually magnetically biased and operation 
restricted to the first quadrant of the E vs H curve. Terfenol-D does not take 
tensile loading3. Actuators fashioned from Terfenol-D therefore maintain the 
material in a compressive load. The E vs H curve is thus a plot of the relative 
strain. 
H 
Figure 3.1. Strain vs magnetic field intensity 
The magnetostriction effect has been known about for some time, and 
linear constituitive equations describing this form of transduction have been 
proposed. From reference [3] one finds the following fundamental equation set 
for the general, three dimensional case: 
s. = ~ s~ + ~ d .. U . 
J i.J J" i.J J['''. 
B.= ~ d .. T. + ~ "~H. 
J i.J J" J.. ,... J' • 
(27) 
(28) 
where S is the strain, s is the compliance, H is the magnetic field intensity, B is 
the flux density, T is the mechanical stress, d is the slope of the strain vs 
magnetic field intensity curve (i.e., Figure 3.1), and Jl is the free permeability. 
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The H and T superscripts indicate that the values of the constants are evaluated 
for zero applied magnetic field (open circuit) and zero applied mechanical stress 
(free bar), respectively. If we restrict our attention to a long slender rod of 
Terfenol-D where motion is allowed only in the axial direction, then the general 
three dimensional case reduces to the following set of equations: 
a 
E = -+dH 
Ey 
B = da+ /lClH 
(29) 
(30) 
where E is now the axial strain, By is the modulus of elasticity, and a is the stress 
(the change in nomenclature is merely to use variables according to a more 
familiar engineering convention). Equation (29) states that the strain in the 
material is due to two factors: the applied stress (Hooke'S law) and the applied 
magnetic field intensity (direct magnetostriction or the Joule effect). Similarly, 
equation (30) relates flux density to applied mechanical stress (converse 
magnetostriction or the Villari effect) and to the applied magnetic field intensity 
(magnetization). 
In order to apply the techniques developed for analyzing general 
electromechanical transduction to a magnetostricive transducer, it is necessary to 
determine and analyze the nature of the magnetostrictive transduction 
coefficients. The analysis begins with equation (30) and works towards one in the 
form of equation (21). 
If both sides of equation (30) are multiplied by the cross-sectional area of 
the rod, A, then the following expression is obtained (assuming the magnetic 
field is uniform over A): 
cf>= dAa+ /lClHA (31) 
where cf> is the magnetic flux through the rod. If the rod is in a wound wire 
solenoid, then the applied field intensity, H, is the product of the current 
through the solenoid, i(t), and the number of turns in the coil per unit length, n. 
Furthermore, as was shown in equation (8), the open circuit voltage, e(t), can be 
expressed as follows: 
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d<l> 
e(t) = N-
dt (32) 
where N is equal to the product of the number of turns per unit length, n, in the 
coil and the solenoid length, 1. Thus, by taking the time derivative of equation 
(31) and multiplying by N it is possible to obtain the following relationship for 
the voltage drop across a magnetostrictive transducer: 
dO' cr 2 A di 
e(t) = NdA- + Il N --
dt R dt (33) 
where it has been assumed that the lid constant", cross sectional area, and the free 
permeability at zero applied mechanical stress are time invariant. The stress is 
related to the strain by Young's modulus, Ey, for frequencies where inertial 
effects of the rod can be ignored. Thus, equation (33) can be rewritten as: 
dE cr 2 A di 
e(t) = NdAE - + Il N --
Y dt f dt (34) 
which can be rewritten in terms of velocity, u(t), as: 
AEy di 
e(t) = Nd-u(t) + L-
f dt (35) 
where it has been recognized that the coefficients in front of di / dt equal the free 
inductance, L, of a wound wire solenoid. Equation (35) can also be written in 
terms of complex variables: 
AE 
E = Nd-,-Y U + JWU 
t (36) 
The transduction coefficient, T em , is now recognized as the coefficients in front 
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of the velocity, U, and the blocked impedance, Ze , is seen to be proportional to 
the inductance, L. One could also replace the area, Young's modulus and length 
terms by a single variable representing the Terfenol rod equivalent stiffness 
(k=AEy/I). Thus, the voltage across the terminals of the magnetostrictive 
transducer is seen to be proportional to the combined time rates of change of the 
current through the coil and the strain in the rod. 
Equation (29) can be manipulated in a similar fashion to yield an equation 
in the form of equation (22). First, equation (29) is multiplied by the rod cross 
sectional area, A, and the Young's Modulus, Ey, as follows: 
EE~ = f(t) + E~dH (37) 
Solving equation (37) for the applied force, F, we obtain: 
f(t) = EE~ - E~dH (38) 
which may be restated as: 
(39) 
The change in rod length, b, is also the displacement coordinate, and can be 
viewed as the integral of velocity. The product EyAIl is the rod's stiffness, and 
equation (38) can be expressed as follows: 
f(t) = kfdb dt - EyAdni(t) 
dt 
or, in terms of complex variables: 
1 F = k-U- E AdnI jw Y 
(40) 
(41) 
The mechanical impedance, Zmr is recognized as the coefficients of the velocity, 
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U, and the transduction coefficient, T me, as the product of terms in front of the 
current, I. 
The coupl~d transduction equations for a Terfenol-D magnetostrictive 
transducer are thus as follows: 
(42) 
1 F = k-U- E AdnI jw Y (43) 
where it can be seen that Tme = -Tem. This is typical of magnetically coupled 
transducers, and presents some difficulties for the construction of equivalent 
circuit models. 
3.1 Equivalent Electrical Circuit Model 
Equations (42) and (43) can also be stated in the form of an equivalent 
electrical circuit using the previously outlined techniques with some 
modifications. Because of the antisymmetric nature of the coupling equations 
some creativity is required in the construction of the equivalent circuit to ensure 
that the proper sense is maintained. A variety of methods have been proposed 
to deal with this problem, including the use of a circuit element known as a 
gyrator, whose behavior mimics the cross axis coupling of a gyroscope. A fairly 
straight forward approach, referred to as the mobility method1, is to restate the 
equations using a force-current analogy instead of force-voltage. Using this 
technique the general coupling equations may be rewritten as: 
(44) 
(45) 
An equivalent circuit is shown in Figure 3.2. This circuit can be redrawn using 
an ideal transformer that yields the circuit of Figure 3.3, where appropriate 
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2 1 Z + Tern 
e Z 
rn 
I 
+Tern F E U 
Zm 
Figure 3.2. T network for mobility analog of the mechanical system! 
jwL Ey Adn:l 
+ • 
~ + F ~ -c 
E I -c U 
-c 
r Ideal 
Figure 3.3. Equivalent circuit for magnetostrictive coupling 
values of the coefficients have been substituted. 
The equivalent circuit of Figure 3.3 can also be constructed using two 
voltage generators in series with an inductor, as shown in Figure 3.4. One 
voltage source in series with the inductor accounts for the electrical load to be 
expected from a solenoid. The additional voltage source is a dependent voltage 
source that is proportional to the velocity (the proportionality being defined by 
the "turns ratio" of Figure 3.3), or rate of strain, of the Terfenol rod. It should be 
emphasized that the derivation of the coupling equations presumed that the 
transducer was operating in a frequency range where its dynamics were stiffness 
dominated, i.e. it behaves like a linear spring. It should also be noted that a 
resistor has been included in Figure 3.4 to account for the D.C. resistance. 
Actuator 
,------ -- ----I 
• • V
• • 
C~\ ~---4 
I L • 
I • I
-------------
Figure 3.4. Simplified Electrical Circuit Model 
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To better understand the model, consider an actuator which is constrained 
from moving, or more precisely, a rod which is prevented from straining. In 
this case, the impedance is just that of a solenoid, a purely inductive load, and 
the velocity term disappears. Now suppose the open circuit voltage is measured 
when the rod is subject to a mechanical stress. In this case the transducer is a 
sensor, there is no driving voltage source, and the model of Figure 3.4 reduces to 
the single voltage source V m, where V m represents the voltage due to 
magnetostriction. 
Returning to the bridge circuit of Figure 3.12, it is now possible to fill in 
the transducer block with its equivalent electrical representation. Using the 
equivalent electrical model, the bridge can now be redrawn as follows: 
Figure 3.5. Bridge Circuit Design for Self-Sensing Magnetostrictive Actuator 
Solving the circuit of Figure 3.5 for the voltage across R4 yields the following 
expression for V 1 in terms of Laplace transformed impedance values: 
(46) 
Similarly, solving for the voltage across R3 yields the following expression for 
V2: 
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(47) 
As was stated previously, the difference between voltages V1 and V2 
should yield a signal proportional to the rate of strain induced in the Terfenol 
rod. Thus, the following expression is written for the differential voltage: 
(48) 
If R3 and R4 have the same value and L1/(R1+R4) is equal to L2/(R3+R2) then 
the equation for the differential voltage across the bridge reduces to the 
following: 
v s - R4 Vm(s) 
senso' ) - (R + R ) + L S 
4 1 1 (49) 
Equation (49) reveals that the bridge circuit behaves like a first order filter. Thus, 
for frequencies much less than the time constant, L1 / (R1 +R4), the differential 
voltage will be proportional to V ffi! and the signal will be proportional to the 
rate of strain. However, for frequencies much greater than the cutoff frequency, 
the circuit integrates V m and yields a signal proportional to strain instead of rate 
of strain. 
To build a circuit where L1/(R1+R4) is equal to L2/(R3+RV requires an 
accurate determination of L1 and R1. As will be seen in Chapter 4, this 
determination is non-trivial and becomes the focus of Chapter 5. 
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4. PRELIMINARY TEST OF CONCEPT 
At the onset of this research, a test of concept experiment was performed 
to determine the direction that research should proceed and to answer the 
following fundamental questions: 
1) Could an actuator fashioned from the magnetostrictive material Terfenol 
sense while actuating in a fashion similar to that published for piezoelectric 
devices? 
2) Could this self-sensed signal be used for vibration control? 
Figure 4.1 shows the general experimental setup used for the test of 
concept. As illustrated, an Edge Technologies prototype Terfenol-D transducer 
was mounted on the table of a Bruel & Kjaer 4808 vibration exciter. The 
electrical terminals of the Terfenol transducer were one side of a bridge circuit. A 
wound wire coil was taken from another actuator and used for the other side of 
the bridge. To allow for some adjustment of the bridge, a 2 inch long by 1/4 inch 
diameter steel rod (the same dimensions as the bore of the coil) was placed in the 
core of the coil and slid in and out to adjust the impedance of the coil. 
Sinusoidal voltages used to drive the bridge circuit and B&K vibration exciter 
were obtained from a signal generator. A Radio Shack Model SA-175C stereo 
amplifier was used to amplify the signal generator output when driving the 
bridge circuit. A B&K Type 2712 power amplifier was used to amplify the signal 
generator output when driving the B&K 4808 vibration exciter. Output of the 
bridge circuit was monitored with a digital oscilloscope. The Endevco 2222C 
accelerometer was connected to a Kistler charge amplifier. Accelerometer output 
was connected to the oscilloscope and used to monitor the motion of a mass 
attached to the Terfenol transducer. 
4.1 Description of Experiment 
The experimental procedure used to answer question (1) (could the 
transducer self-sense?) was the following: 
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Edge Technologies Prototype 
Terfenol-D transducer 
Differential Amp 
Variable Inductor 
(coil with movable steel core) 
t---------I.-\ Radio Shack Stereo 
..---'-_ .......... .--, Amplifier 
B&K 
4808 Shaker 
B&K Type 2712 
Oscilliscope 
Figure 4.1. Test of concept experimental setup 
Signal 
Generator 
1) The bridge was balanced for an arbitrary single frequency sinusoidal input 
voltage in the absence of any significant mechanical loading of the Terfenol 
transducer. 
2) While the bridge was still being driven at the original frequency, the Terfenol 
transducer was mechanically loaded by introducing base excitation of a different 
frequency using the B&K vibration exciter and another sine wave generator. 
3) Bridge output was monitored using the oscilloscope to ~ee if a signal 
corresponding to the base excitation frequency was present. 
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To answer question (2) (could the self·sensed signal be used for control?) 
the following experimental procedure was used: 
1) The Terfenol transducer was subject to single frequency base excitation. 
2) The output of the bridge circuit due to mechanical transducer excitation was 
fedback through the Radio Shack amplifier as the input voltage to the bridge 
circuit. 
3) The gain on the Radio Shack amplifier was adjusted as was the variable 
inductor until some attenuation in the accelerometer voltage output was 
observed. 
4.2 Results and Discussion 
It was evident from the self-sensing experiments that were published by 
researchers using piezoelectric transducers that a bridge circuit capable of 
measuring the variation in electrical impedance of a mechanically loaded 
electromechanical transducer could achieve self·sensing. Hence, the bridge 
circuit design of Dosch, Irurian, and Garcia's experiment [8] was applied to the 
problem of a self-sensing magnetostrictive transducer. 
It was hypothesised that the blocked impedance of a magnetostrictive 
transducer would take the form <;>f a resistor in series with an inductor, and based 
on this assumption, a simple version of the bridge shown in Figure 3.5 of the 
previous chapter was constructed as illustrated in Figure 4.2. 
Since the precise value of the blocked impedance was unknown, a variable 
inductor was fashioned using a wound wire coil with a steel rod as an adjustable 
core element. As a first approximation, the wound wire coil had the same DC 
resistance as the Terfenol transducer. Varying the steel rod's position within the 
coil made it possible to change the coil permeance; thus, varying the inductance 
of the coil. 
To tune the bridge, a sinusoidal voltage of low frequency (approx. 2000 Hz) 
compared to the transducer resonance (approx. 10,000 Hz for an unloaded 
transducer) was applied. The steel rod was then manipulated within the coil 
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100.8 k 
10.105 
100.8 k 
"----ITXDCRI--~---J 
10.102 
Figure 4.2. Bridge circuit employed for test of concept experiment. 
until the bridge output was minimized. In this fashion, the blocked impedance 
was matched experimentally. It was assumed that motional impedance effects in 
the Terfenol transducer were negligible. With the bridge "balanced", the variable 
inductor formed the R2Lz, or blocked impedance, leg of the bridge illustrated in 
Figure 3.5 of the previous chapter. "Balanced" was taken as two orders of 
magnitude difference between the voltage appearing on one leg of the bridge, VI, 
and the output of. the bridge, Vo. Balancing the bridge proved difficult, however, 
and seemed to be dependent on the amplitude of the drive current. 
With the bridge initially balanced, an experiment was performed to test 
the transducer's ability to self-sense. Excitations at a different frequency than the 
frequency driving the bridge were introduced at the transducer base via the B&K 
vibration exciter. The base excitation frequency was then observed on the 
oscilloscope trace of the bridge output voltage. The experiment provided a crude 
example of self-sensing. The actuator was driven at one frequency, yet sensed the 
motion that was occurring at another frequency. H the voltage driving the bridge 
circuit was increased without rebalancing the bridge, however, the signal that 
corresponded to the base excitation frequency would disappear from the bridge 
output voltage. As the amplitude of drive current signals were increased no 
amount of rebalancing would make the base excitation signal reappear. The self-
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sensed signal was in the noise base. Furthermore, bridge adjustments did not 
seem to effect the magnitude of the output. Thus, for increasing current levels 
the disparity between impedances in the bridge legs was beyond what moving 
the steel rod allowed adjustment for. Thus, the answer to question (1) was a 
qualified yes. The transducer could self-sense, but only for fixed amplitudes of 
bridge drive signals. 
Next, an experiment was performed to test the potential for using feedback 
from a self-sensed signal to actively control motion at the top end of the actuator. 
The self-sensed signal was hypothesised to be proportional to velocity at the 
actuator tip (rate of strain in the Terfenol rod), since the voltage induced in a coil 
is dependent on the time rate of change of magnetic flux (this hypothesis was 
made before the analysis that lead to equation (49) and was based almost solely 
on intuition). Vibration control was thus attempted assuming that the self-
sensed signal could be applied as velocity feedback. 
The bridge circuit was balanced using a single frequency input. This input 
was removed and the transducer base was given a mechanical excitation at the 
same frequency. The resultant bridge circuit differential voltage, caused by the 
inverse magnetostriction effect, provided a velocity signal that was input to a 
power amplifier, gained, and then input as a drive signal to both legs of the 
bridge circuit. 
Modeling the actuator and mass as a single degree of freedom second order 
system, the closed loop control system was characterized by the block diagram of 
Figure 4.3. K is the amplifier gain in the diagram. 
F s 
2 
ms+cs+k 
K 
u 
Figure 4.3. Block diagram of velocity feedback control of a single degree of 
freedom vibrational system 
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From the block diagram of Figure 4.3 the following closed loop transfer function 
can be obtained: 
U s 
-=------F ms2 + (K + c)s+ k (50) 
The addition of feedback is seen to add to the damping of the system. The 
control was thus anticipated to reduce the output velocity (and hence 
acceleration) of the mass for base excitation. This effect will be largest at 
frequencies near system resonance. An accelerometer was fastened to the 
vibrating mass. The accelerometer output was measured using an oscilloscope 
while the system was subjected to single frequency platform excitations. Control 
was applied by increasing the amplifier gain to a fixed level and then adjusting 
the variable inductor until some attenuation in output acceleration was 
observed. 
The acceleration of a mass attached to the opposite end of the transducer 
was lowered by approximately 6 decibels by selecting amplifier gains and then 
manually adjusting the inductance in the bridge circuit through positioning of 
the steel rod. This procedure worked for a frequency near 2000 Hz that seemed to 
be the resonance of the transducer/mass system. 
The ability of the self-sensing vibration control experiment to produce a 
change in the acceleration of the mass was encouraging. It appeared that a 
transducer fashioned from Terfenol-D could be used for a self-sensing actuator. 
However, because the bridge was difficult to balance, the transducer impedance 
gave every indication of depending on drive current amplitude, and the self-
sensing control seemed only to work for one frequency, the results were not 
conclusive. Nevertheless, the test of concept gave strong indications that the 
idea had merit. A program of research was begun to better understand the 
problem analytically. This research was presented in the first three chapters of 
this thesis. 
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5. TRANSDUCER ELECTRICAL IMPEDANCE EXPERIMENTS 
The impedance experiments were conducted with three goals in mind: 
1) Determine if motional impedance effects could be observed in the driving 
point electrical impedance of the transducer. 
2) Experimentally investigate and record the non-linear behavior of the actuator 
impedance. 
3) Experimentally investigate similar non-linear behavior in other devices to 
find a suitable passive bridge element to balance the self-sensing bridge circuit. 
The electrical impedance test equipment is illustrated in Figure 5.1. The 
electrical impedance was measured as the ratio of the voltage to current in the 
frequency domain. Current was measured as the voltage drop across the .46 ohm 
series resistor, R, of Figure 5.1. Two general types of impedance measurements 
were taken with this apparatus: blocked electrical impedance and electrical 
driving point impedance. 
The remainder of this chapter is divided into two sections. The first 
section describes the blocked impedance experiments and results. Blocked 
impedance was measured to determine a value to be used for the self-sensing 
bridge circuit. An accurate value for blocked impedance is critical for obtaining a 
self-sensing bridge. It provides the reference for the bridge circuit. The second 
section describes the driving point impedance experiments and results. Driving 
point impedance was measured for comparison to the blocked impedance. 
Driving point and blocked impedance values should be essentially the same for 
nonresonant frequencies. A comparison of the two reveals the motional 
impedance effect. Driving point impedances were also measured for a bare coil 
to verify the measurement technique and for a variety of coil and core 
combinations to find an impedance element that would approximate the 
transducer's blocked impedance and could be used as a passive bridge element to 
balance the bridge. 
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Zenith Z-386SX 
Data System 
I 
Tektronix 2630 8 Fourier Analyzer I-- Amplifier 
v(t) i(t) T II 1 S 1 I Test Item 
Figure 5.1. Experimental set up for impedance testing 
5.1 Blocked Electrical Impedance 
5.1.1 Description of Experiment 
Blocked electrical impedance was loosely defined previously but a 
definition is stated here as follows: The blocked electrical impedance of an 
electromechanical transducer is the complex ratio of the voltage across the 
terminal pair to the current entering and leaving the pair of terminals, when the 
mechanical system is constrained from moving. 
The blocked impedance, by definition, is only relevant for 
eletromechanical transducers such as the Terfenol transducer. The transducer 
was "blocked" by placing it in a vice like apparatus to prevent mechanical 
.31ot1on. Merely clamping the transducer in this fashion constrained the 
Terfenol from expanding but it was free to contract. Although this setup is 
consistent with standard apparatus for obtaining blocked impedance 
measurements, it did not. truly constitute a blocked condition, and may have 
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merely created an additional pretress. However, at the frequencies and drive 
currents used in these tests, velocity and amplitude of the resulting mechanical 
motion were assumed negligible. Blocked impedance was measured over a 
range of frequencies from 500 to 8000 Hz using the sine wave output option of 
the analyzer to drive the analyzer. Tests were also conducted for a range of rms 
drive currents from .01 to .03 amps to measure blocked impedance as a function 
of current amplitude. 
5.1.2 Discussion and Results 
The "blocked" electrical impedance of a Terfenol transducer was assumed 
to be essentially that of a wound wire solenoid in the previous chapter's self-
sensing experiment. Impedance measurements reported by Hall and Flatau [4] 
showed that the actual electrical impedance behaved nothing like a first order 
resistive inductive circuit, but for demonstration of self-sensing over a limited 
bandwidth (single frequency ±5%) it was hoped that the first order 
approximation might be useful. However, during the initial self-sensing 
investigation it became apparent that even for single frequency applications, 
assumptions of linear first order behavior were inadequate; recall that the bridge 
could be balanced for one amplitude of single frequency excitation, but quickly 
went out of balance if the amplitude of the excitation was increased or the 
excitation frequency changed. 
Experiments were conducted at a variety of single sine excitation 
frequencies to observe the relationship between the transducer blocked electrical 
impedance and drive current amplitude. The resistance and reactance were 
measured at each frequency for a variety of power amplifier settings. The results 
of some of these experiments are shown in the plots that follow with the 
remainder of the data in appendix B. 
Figures 5.3 and 5.4 show blocked impedance as a varying function of 
frequency and amplitude for frequencies between 500 and 8000 Hz. For a first 
order system the resistance would be a constant, but in Figure 5.3 the resistance 
(real part of the impedance) is a function of frequency and drive current. Notice 
also how the data "fans" out indicating a nonproportional response to increasing 
drive current level. ,The dependence on current amplitude appears slight in 
these plots, but the range of rms currents shown is less than .03 A out of a 1 amp 
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range. Data at frequencies above approximately 2000 HZ could only be taken for 
small drive currents due to a 10 volt upper limit on the input to the Tektronix 
data acquisition system. The trend of increasing resistance with frequency is 
familiar from magnetic circuit analysis and is typically attributed to eddy current 
losses [1]. Reference [1] proposes modeling eddy current losses in an 
electromagnetic circuit by including a parallel resistor inductor circuit in series 
with a resistor and inductor model of the system. 
The reactance (imaginary part of the impedance) was also a function of 
frequency and drive current amplitude. For a first order approximation, 
reactance should be linearly proportional to frequency. The frequency trend of 
Figure 5.4 shows roughly linear behvior for the region between 500 and 4000 Hz. 
The dependence of reactance on drive current amplitude appears negligible in 
Figure 5.4, but is substantial in the 20 Hz single frequency test of Figure 5.7. 
Plots of blocked impedance as a function of drive current for single 
frequency excitations of 20 Hz and 8000 Hz are shown in Figures 5.5 through 5.8. 
Figures 5.5 and 5.6 show the resistance values increase by an order of magnitude 
for a change in driving frequency of 20 Hz to 8000 Hz while in Figures 5.7 and 5.8 
the reactance increases approximately two orders of magnitude for this same 
change in frequency. Note that on the BOOO Hz Figures, data were collected for 
drive currents up to only .035 rms Amps coinciding roughly with the first three 
drive current level data taken at 20 Hz. Note also that at 20 Hz, reactance varies 
by 20 % while resistance varies by only 2% over the range of drive currents 
tested. At BOOO Hz this trend is reversed with resistance varying due to drive 
current and reactance essentially constant. 
Data points on the 20 Hz Figures represent the average of 5 samples. Data 
points on the BOOO Hz Figures represent the average of 32 samples. The data will 
vary with temperature, prestress, and magnetic bias, but should be repeatable if 
these variables are held constant. No effort to quantify error was undertaken as 
. there appeared to be little scatter in the data collected. 
Care must be exercised in drawing conclusions from this data about the 
relationship between impedance and current amplitu(L~. The trends shown are 
for rms values of sinusoidally oscillating drive currents, thus it appears that each 
data point represents an average impedance. H impedance is truly a function of 
current amplitude, as the data would indicate, then a time varying input current 
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must produce a time varying impedance. 
The "blocked" electrical impedance experiments performed show 
impedance to be a non-linear function of the average drive current amplitude. 
This may be explained by the assumption of a constant value for the free 
permeability, J.1, of the material. Recall that the blocked impedance includes an 
inductance term that is proportional to the free permeability. The free 
permeability of Terfenol is approximated as the slope of its magnetization curve 
in the absence of any applied mechanical stress3• However, magnetization curves 
for ferrous materials such as Terfenol are not linear and exhibit a marked 
hysteretic character typified by the normal hysteresis loop in Figure 5.2. 
Furthermore, minor hysteresis loops, also illustrated in Figure 5.2, are traced out 
if the variation in magnetic field intensity is reversed before reaching either 
limit of the major loop. Minor loops are typically lense shaped, and have an 
incremental permeability approximated by the slope of their major axisl. Thus, 
the free permeability is a constant only in a time averaged sense. 
For dynamic applications, Terfenol actuators are typically magnetically 
biased by a fixed magnetic field, HO, then are driven by an oscillating current in 
the solenoid which sets up a cyclic variation in magnetic field intensity about HO. 
Magnetically, the actuator operates around a minor hysteresis loop. Apparently 
the shape and orientation of this minor loop depends on the amplitude of the 
drive current, and gives rise to the variation in impedance observed in the 
impedance tests. 
It can be argued that the experiment did not measure a "blocked" 
impedance since at all frequencies the impedance varied with drive current 
amplitude. As mentioned earlier, the blocking vice only prevented extensional 
motion of the rod. However, at the current levels used in these measurements, 
rod contraction should have been negligible. Also, the rod is a continuous 
system. Even if both ends of the rod were fixed, excitation of axial vibration 
modes could occur. However, at low frequencies (i.e. a decade below the first 
resonant mode of the rod) there should be little or no difference between 
impedance measurements, blocked or otherwise. Hence, at 20 Hz the data 
should be a reasonable approximation of the blocked condition. 
Nonetheless, even if the experiment had exactly measured blocked 
impedance, non-linear electromechanical coupling would still present problems 
41 
B 
Figure 5.2. Normal hysteresis loop 
for magnetostrictive self-sensing actuation, which will be addressed next. 
Consider the driving point electrical impedance, equation (23). The 
. motional impedance term includes the transduction coefficients T me and T em , 
and from equation (36) Tem may be written as: 
AE T =Nd-
em e 
As presented above, the transduction coefficient includes the magnetostrictive 
constant, d, which is taken as a material property and is the slope of the H vs € 
curve3• This curve has hysteresis, and, as might be expected from the previous 
discussion of permeability, experiments have shown that the constant d is also a 
function of drive current14. The implication is that it is impossible to linearly 
decouple mechanical from electrical effects. Self-sensing electromechanical 
actuators monitor the variation in motional impedance and use this as an 
indication of the motion of the mechanical system. In this application, motional 
impedance varies not only as a function of the mechanical system, but as a 
function of the electromagnetic system, and it appears difficult to differentiate 
between the two effects. Intuitively, it still seems plausible that for some 
combination of electrical and mechanical loading the motional impedance will 
be dominated by mechanical effects, and the non-linear electromagnetic effects 
will be small enough to be ignored. 
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5.2 Electrical Driving Point Impedance 
5.2.1 DesCription of Experiment 
The electrical driving point impedance was defined previously, but the 
definition is repeated for convenience: Electrical driving-point impedance is the 
complex ratio of the volt~ge across the terminal pair to the current entering and 
leaving the pair of terminals, when all other electromotive forces and current 
sources are suppressed!. Electrical driving point impedance data were taken for 
the following test items: 
1) ISU prototype Terfenol-D transducer 
2) ISU prototype Terfenol-D transducer with 730 g mass load 
3) Wound wire coil 
4) Wound wire coil with a 2 • long by .25 " diameter steel rod core 
5) Wound wire coil with a 2 • long by .25 " diameter Terfenol rod core 
6) Two wound wire coils in series. Adjustable steel cores 
Recall that the driving point impedance is the sum of the blocked and 
motional impedances and that the magnitude of the motional impedance 
increases with the admittance of system mechanical components. Mass loading 
the transducer changes the mechanical admittance. Therefore, the difference 
between driving point impedances for test items (1) and (2), a transducer with 
and without a mass load, should reflect the change in motional impedance. 
Impedance was measured as a function of frequency using one of two 
techniques: either broadband or single frequency testing. Broadband testing 
employed pseudo-random voltage signals to drive the test items. This technique 
was employed for test items (1) and (2) as a method of observing the effect of 
motional impedance. The second technique measured impedance as a function 
of frequency by using sinusoidal signals and varying the driving frequency with 
each test. This technique was also employed for test item (1). Single frequency 
sine wave tests were also conducted for varying drive current amplitudes to 
determine if driving point impedance was a function of current. This was done 
at a single frequency for test items (3), (4), (5) and (6), and for a range of 
frequencies for test item (1). 
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5.2.2 Results and Discussion 
Motional impedance effects were observed, but they were "small" and 
required motion at a system mechanical resonance for detection. In Figure 5.9, 
motional impedance effects are negligible, because the mechanical system 
resonance did not occur in the bandwidth displayed. Test item (2) was 
deliberately mass loaded to drive the transducer's first mechanical resonance 
into the frequency range being observed. By examining Figure 5.10 it is possible 
to deduce that the mass loaded transducer had a resonance at 2.15 kHz. 
Although, the resonance signature in Figure 5.10 is small, it can be detected by 
looking for the frequency of the local minimum in the imaginary impedance 
plot. The transducer gives the appearance of being highly damped (due to the 
broadness of peak bandwidth) and weakly electromechanically coupled (due to 
low peak amplitude). An accelerometer was attached to the mass, and an 
autospectrum of its output confirmed that a mechanical resonance was occurring 
at this frequency. A comparison of Figures 5.9 and 5.10 reveals a slight change in 
the impedance plots due to the mass that was attached to the transducer in the 
second test. The change in the impedance is due to the motional impedance of 
the transducer. These plots demonstrate the fundamental concept that makes 
self-sensing possible: the presence of a mechanical load is reflected by a change in 
the electrical impedance. In subsequent experiments this relatively large 
motional impedance response due to mechanical resonance is exploited to 
demonstrate self-sensing actuation and self-sensing vibration control. The 
theoretical development in section 2.4.1 suggests that motional impedance 
should produce a change in electrical response at all frequencies, however, 
equation 25 does suggest that this change will be most noticable at frequencies 
close to mechancial resonances, where large motion occurs. 
A number of experiments were conducted at a variety of single sine 
excitation frequencies to observe the relationship between the Terfenol 
transducer driving point electrical impedance and drive current amplitude. 
Figures 5.11 and 5.12 compares the blocked impedance measurements for the 
transducer with the driving point impedance measurements for test item (1) at a 
frequency of 20 Hz (other frequencies appear in appendix B). The driving point 
resistance data points of Figure 5.11 are all slightly higher than for the blocked 
impedance experiment, but agree within 2 to 3%. In Figure 5.12 the reactance 
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shows more of a variation (approximately 10%) between the blocked and driving 
point experiments. Reactance apparently has a greater dependence than 
resistance on the boundary conditions (motion) of the Terfenol rod at low 
frequencies. 
Test items (3) through (6) were checked for a dependence on drive current 
amplitude as well. The experimental results for test item (3) made it clear that a 
simple coil fails to accurately model the blocked impedance behavior of a 
Terfenol actuator. A comparison of blocked impedance measurements for the 
transducer with the driving point impedance measurements for the simple coil 
is shown in 5.13 and 5.14 and demonstrates the strong differences in their 
behavior trends. The bare coil results in Figures 5.13 and 5.14 also served as a 
check of the experimental method. The resistance and reactance of an air core 
coil should be constant for varying drive currents. The values in Figures 5.13 
and 5.14 are essentially constant and matched values obtained using a D.C. 
voltmeter and an impedance bridge. 
Test items (4), and (5) were made using the original test coil with different 
core elements and were evaluated as alternatives for use in the passive leg of the 
bridge circuit by comparison with transducer blocked impedance measurement. 
The driving point impedance of each of these test items varied with drive 
current amplitude as well; however, not in a fashion particularly similar to one 
another or the transducer blocked impedance. A comparison of the transducer 
and test item (4) in Figures 5.15 and 5.16 demonstrates that test item (4) was a 
poor match for the blocked impedance of the transducer. The experimental 
results for test item (5) also failed to produce a suitable match for the blocked 
transducer, but were interesting nonetheless. Unlike a Terfenol transducer, 
which is essentially a coil with a Terfenol core that has been mechanically 
prestressed, the Terfenol core of test item (5) had free-free boundary conditions, 
i.e. it had no mechanical prestress mechanism. A comparison of impedance 
values for the Terfenol transducer and coil with a Terfenol rod is shown in 
Figures 5.17 and 5.18 reveals the great influence that mechanical loading has on 
the impedance of a coil with a Terfenol core. The imaginary impedance of the 
free rod differed from that of the transducer'S by almost an order of magnitude as 
current was increased. 
A trial and error approach was undertaken to identify a best match for the 
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transducer blocked impedance using various combinations of scrap coils and core 
materials. The unorthodox combination illustrated in Figure 5.19 was the result. 
One coil was of nominally half as many turns as the original coil. The 
impedance of this device as a function of current is plotted in Figures 5.20 and 
5.21 along with the same data for the Terfenol transducer. For the range of drive 
current amplitudes and single frequency shown, test item (6) resistance values 
match the transducer's within ±3% and the reactance values consistently 
overshoot the transducer's by about 1%. 
Figure 5.19. Diagram of driving point impedance test item (6) 
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6. TRANSDUCER SELF-SENSING EXPERIMENTS 
The transducer self-sensing test equipment and setup is illustrated in 
Figure 6.1. The transducer/mass system was rigidly mounted to the B&K 
vibration exciter during the tests. Single frequency and pseudo-random voltage 
signals were used to evaluate bridge circuit response. An ISU prototype 
Terfenol-D transducer (magnetically biased using a 2 amp direct current in its 
external coil) was used for all tests. The bridge output voltage, V 0' bridge input 
voltage, V 1, and accelerometer output voltage were connected to inputs of the 
Tektronix and analyzed using the Tektronix and the Zenith 386SX Data System. 
The data was analyzed usi~g time and frequency domain techniques. 
The experimental analysis was divided into two parts. The first part of the 
experiment was devoted to balancing the bridge and measuring its common 
mode rejection for single frequency and broadband excitation. The second part 
of the experiment focused on using the "balanced" bridge to sense a change in 
the mechanical loading of the transducer. 
The remainder of this chapter is divided into two major sections. The first 
section describes the experimental procedures used to balance the bridge and 
discusses the results obtained. The second section describes the experimental 
procedures used to evaluate self-sensing and discusses the results obtained. 
6.1 Balancing the Bridge 
6.1.1 Description of Experiment 
A bridge circuit with four impedance elements was fashioned as is shown 
in Figure 6.1. Two arms of the bridge were matched 10 ohm resistors. The 
electrical terminals of the ISU Terfenol-D transducer (no mass attached) formed 
another arm of the bridge. The fourth impedance element was a variable 
impedance device used to simulate the transducer blocked impedance. The 
procedure for adjusting the variable impedance element was as follows: 
1) A single frequency voltage signal was used to drive the bridge. 
2) The variable impedance element was adjusted to null the bridge output for 
single frequency input. 
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Figure 6.1. Self-sensing experimental setup 
6.1.2 Results and Discussion 
Recall from the impedance tests, that the transducer blocked impedance 
was a function of both excitation frequency and drive current, and that none of 
the various devices that were impedance tested accurately modeled the behavior 
of the transducer. In order to perform this experiment, a decision was made to 
balance the bridge for single frequencies and amplitudes of excitation, instead of 
continuing the search for a device that might behave like the transducer. 
The variable impedance device used for this experiment was the pair of 
wound wire coils that was shown in Figure 5.19. This device was selected for its 
ability to mimic the blocked impedance dependence on drive current at 
frequencies near 2 kHz. 
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A single frequency, sinusoidal control voltage, Vo was applied to the 
input terminals of the bridge circuit and V 0 was monitored using the time 
domain display of the Tektronix. A voltage signal, V1, proportional to the 
voltage drop across the 10.01 ohm resistor was also monitored using the 
Tektronix. While monitoring these signals, the variable impedance leg of the 
bridge was adjusted to minimize Vo. With the bridge tentatively zeroed in this 
fashion, the autospectrums of each of the measured voltages were recorded using 
the Tektronix. The difference in the peaks in the autospectrum response was 
used to measure the bridge common mode rejection. A trial and error approach 
was used to obtain common mode rejection of at least 50 dB's at a selected 
frequency. 
Data was taken for a single frequency excitation of 2.15 kHz. This 
frequency was selected because it matched the mass loaded transducer axial 
resonance observed in the driving point impedance experiment. Excitation at 
this frequency would maximize the mechanically induced strain and, 
consequently, the sensed signal. The bridge output was adjusted to yield as much 
common mode rejection as possible. Voltage, V1, was measured, and its 
autospectrum was compared to the autospectrum of Vo. By careful adjustment 
of the steel cores of the two coils, it was possible to obtain in excess of 50 dB 
(nearly 60) between the peaks. An example is shown in Figure 6.2. 
With the bridge balanced for a single frequency and amplitude of control 
voltage, pseudo random sinusoidal excitation was applied to the bridge. This 
experiment was performed to determine the bandwidth that could be expected 
from the bridge circuit given that the variable impedance element did not have 
the same frequency response as the transducer blocked impedance. Once again, 
V 0 and Vl were recorded and autospectrums of these signals were compared. 
The plot of Figure 6.3 shows that the bridge had "good" common mode rejection 
for a narrow bandwidth (±SO Hz) about the 2.15 kHz excitation frequency. 
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6.2 Self-sensing of a Mass Load 
6.2.1 Description of the Experiment 
The following experimental method was used: 
1) A 730 g mass load was attached to the actuator to increase the motional 
impedance effects. The mass load was selected to cause an actuator axial 
resonance at the 2.15 kHz frequency where the bridge had been balanced. 
2) The bridge output was recorded for broadband excitation. The output of 
the accelerometer was also recorded. 
6.2.2 Results and Discussion 
A self-sensing experiment was performed to evaluate the bridge circuit 
and its ability to provide a voltage signal proportional to the vibratory motion of 
a mass affixed to the end of the Terfenol actuator. The bridge detects a mismatch 
in impedances. It is balanced for the condition when there is no motion of the 
mechanical system, a.k.a. the blocked impedance condition. Recall from the 
discussion in section 5.1, that it is impossible to obtain a truly blocked condition 
for a magnetostrictive transducer. However, one ~an balance the bridge for 
frequencies well below the first resonant mode of the transducer, and assume 
that motional impedance effects are minimal. This was the procedure carried 
out during the bridge baIancing experiment. 
For the sell-sensing experiment, a mass load was added to the system. The 
additional mass lowered the first resonant mode of the transducer. And thus, 
with the additional mass load, the transducer impedance no longer 
approximated the blocked impedance. The bridge that had been balanced for a 
frequency of 2150 Hz now went out of balance for frequencies near the new 
system resonance. 
From Figure 6.3 it was concluded that the bridge circuit was performing in 
a desirable fashion, at least for a limited bandwidth. It remained unknown, 
however, whether or not motional impedance variations due to the mass load 
would be large enough to be discernible. To evaluate this, the mass load was 
attached to the Terfenol actuator. Once again, pseudo-random excitation was 
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applied and the bridge output recorded. The resulting autospectrum is plotted in 
Figure 6.4. A clearly discemable peak in the response is observed for a frequency 
of 2.2 k Hz. This peak was shifted from the 2.15 kHz peak for which the bridge 
had been set up. The difference in the peak locations was attributed to the 
removal and then reattachment of the mass load. 
The bridge transfer function (Vo(w)/VC<w» was experimentally measured 
using pseudo random input to the bridge while the Terfenol actuator was mass 
loaded. The result is plotted in Figure 6.5. A transfer function was also 
computed between the bridge output and accelerometer signal (V o( w) / a( w». The 
result is plotted in Figure 6.6. 
The best common mode rejection obtained with the bridge was 
approximately 50 dB. Now consider equation (48), repeated here for 
convenience: 
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Suppose Vl and V2 are nominally 1 volt and Vm is zero (motional impedance 
effects are negligible). If the bridge is balanced, meaning the bracketed term is 
made as small as possible, then 50 db common mode recjection implies that Vl-
V2 is approximately 3 mY. For this scenario, 3 mV becomes the noise base. 
Thus, in order to accurately claim that Vl-V2 (i.e., the bridge output voltage) is 
proportional only to the motional effects, it would be nice if the term containing 
Vm were at least an order of magnitude greater than the 3 mV noise base. This 
is approximately the case for a narrow bandwidth of frequencies around 
resonance. 
To try and improve on the common mode rejection, another bridge circuit 
using two "identical" clamped transducers was constructed. It was hoped that 
the two Terfenol actuators would behave in similar non-linear fashions and that 
the bridge would balance for all frequencies and drive current amplitudes. Each 
transducer's impedance was measured for a fixed frequency and current 
amplitude. By adjusting the pre-stress on the Terfenol rod in each actuator and 
using a trim pot to adjust resistance, it was possible to make the two transducers 
have the same apparent impedance for a fixed amplitude of a 20 Hz excitation. 
However, when inserted in the bridge circuit and driven again at the same 
current and frequency, a residual signal was present across the bridge as observed 
using an oscilloscope. 
The residual signal, though nominally a thousand times smaller than the 
control voltage, was on the same order of magnitude as signals produced by 
mechanical loading (a rap on the housing) of one of the transducers while in the 
bridge configuration. Thus, for this experiment, it appeared as if the bracketed 
terms of equation (48) were of the same size as the magnetostrictive voltage 
term, and the bridge was unsuccessful at providing a signal purely proportional 
to mechanically induced strain. Furthermore, if drive current was increased 
(amplifier gain turned up), signals due to mechanical loading dropped into the 
noise base and were no longer visible on the oscilloscope trace. 
An attempt was also made to identify the nature of the self-sensed signal. 
Recall, from equation (49) that the model predicts the self-sensed signal will 
become prop'ortional to strain for frequencies greater than 1/ T where T = 
Ll/(Rl+R4)· 
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The nominal values for the experiment determined using a DC voltmeter 
and impedance bridge were: 
Ll=O.OO7H 
which leads to a cutoff frequency of approximately 380 Hz. The ~lf-sensing tests 
took place near 22 kHz, and the signal was expected to be roughly proportional to 
strain. 
In Figure 6.6, the experimental transfer function obtained between bridge 
output and acceleration was within 3 dB of flat for frequencies near transducer 
mechanical resonance. The magnitude of the output of the bridge circuit 
appeared proportional to acceleration for these frequencies. The phase between 
the signals went through an approximate 90 degree change as the system passed 
through resonance. Because the bridge was balanced for such a narrow 
bandwidth of frequencies, it was difficult to draw any conclusions from Figure 
6.6. The most that can be said with confidence is that near the. system resonance 
the bridge output looked similar to the accelerometer output. 
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7. SELF-SENSING VIBRATION CONTROL 
The experimental setup for the self-sensing vibration control phase of the 
research is illustrated in Figure 7.1. The self-sensed signal was used as a feedback 
control signal. The accelerometer output was monitored to evaluate the 
effectiveness of control for both single frequency and broad band base excitation. 
Base excitation was achieved using the B&K 4808 vibration exciter, the B&K Type 
2712 power amplifier, and the broadband and single frequency sinusoidal output 
of the Tektronix Fourier Analyzer. 
7.1 Description of Experiment 
The experimental procedure was as follows: 
1) The first resonant frequency of the transducer and mass when mounted 
on the B&K shaker was determined. This resonant frequency became the mode 
of vibration to be controlled. 
2) The mass was removed from the transducer and the bridge circuit was set 
up and balanced using the procedure developed in the preceding chapter. 
3) The mass was reattached and closed loop feedback control was attempted. 
The bridge output voltage was used as a feedback signal to control the actuator's 
resonant behavior in response to single frequency and broadband base excitation. 
7.2 Results and Discussion 
The first mechanical resonant frequency of the mass loaded Terfenol 
transducer when mounted on the B&K vibration exciter was observed in 
previous experiments as 2.15 kHz. A brief system identification was repeated for 
the vibration control experiment. The feedback was disconnected. The 
transducer (mass attached) was driven at its input electrical terminals using 0 to 
10,000 Hz pseudo-random sinusoidal excitation voltage. Output from an 
accelerometer affixed to the vibrating mass was monitored. The accelerometer 
v 
c 
accel 
XTDCR 
65 
Sansui Stereo 
Amplifier 0 
10.105 
100.8 k 
lOOk 
Figure 7.1. Self-sensing vibration control setup 
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output autospectum was calculated using the Tektronix Fourier Analyzer. 
A peak in the accelerometer autospectrum was noted at 2.175 kHz. This 
frequency corresponded to values found during the impedance testing, and self-
sensing tests. However, when this test was repeated for different drive current 
Vo 
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amplitudes, the resonant peak in the frequency response was seen to vary. The 
harder the Terfenol actuator was driven, the lower the observed resonance. The 
lowest observed value was 1.675 kHz. The apparent decrease in actuator 
resonant frequency was attributed to boundary condition problems. The harder 
the actuator was driven, the more likely the mass was to rock back and forth, 
causing binding and misalignment of the actuator bushing. Jiggling the mass by 
hand during a test was noted to produce similar fluctuations in the natural 
frequency values. 
Another approach that yielded more consistent results, was to subject the 
mass loaded actuator to a base excitation. The entire test article (Terfenol 
transducer and attached mass) was subjected to broadband base excitation 
delivered by the B&K vibration exciter. The accelerometer output autospectrum 
was observed to have a peak at 2.175 kHz. This procedure was repeated using the 
zoom mode of the spectrum analyzer. From this experiment, it was determined 
that the frequency of vibration to be controlled was 2.15 kHz. The autospectrum 
is plotted in Figure 7.2. 
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Figure 7.2: Autospectrum of accelerometer output for broadband base excitation 
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Vibration control experiments were performed for single frequency 
sinusoidal base excitation and broadband (0-5000 kHz) base excitation. The bridge 
output voltage, V 0' was connected to the input of the Sansui stereo amplifier. 
The output of the Sansui was the control voltage, VCt and was connected to the 
input terminals of the bridge circuit. A proportional gain was applied in the 
feedback loop by manually adjusting the gain on the Sansui stereo amplifier. 
To evaluate the effectiveness of control, the accelerometer output was 
connected to an input of the Tektronix amplifier. The autospectrum of the 
mass's acceleration response to base excitation was recorded for experiments with 
and without feedback control. With the loop closed, the transducer was subjected 
to broadband psuedo-random base excitation via the B&K shaker. The 
accelerometer output autospectrum was recorded for the case when the amplifier 
gain was zero and for when the amplifier was turned up. The results are plotted 
in Figure 7.3. The experiment was repeated for a single frequency excitation of 
2.15 kHz. These results are presented in Figure 7.4. 
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Figure 7.3. Self-sensing vibration control for broad band base excitation 
68 
0 : : : : : : : : : 
-20 
'N' 
~ 
-40 C'l 
< 
2:-
~ 
-60 
-
* 0 
-
-80 
___ Uncontrolled i , i 
-- Controlled llll 
............... 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~,~ .. " .. :,~.' .,: .. : ,..... _,' .. :;: ....... :!. :..... -:! .... :: ......... :!.:: .......... :! .: ..... .,. ... :~ : ....... :: .. :;: ... .. 
~ ~ ~ ~ ! ! ! i ! i i 
.. ·.i ....•. ; ...•. i ...... ; ..•.. , ...... ; ..... , .•.•.. ; .. , ...... i ...... ; ·i.······l ... ····~.r····t.!.·····I:······~::·····!.~. ····1: ...... . 
.
1 .I!.I .. 1 .11 . ! .il .. 1 iii 1 iii i ; ~ : : : : : : 
•••• ~ ....... -: ••••• ! .............. :-•••• -: ..... :...... .. .:.............. •• .. ···1·····~··· .. -.. ··~ .... ·1·····1·· .. 1·· .. · 
I. I. :.: 1 1:: ..... ;::. I ~:~ iii iii :: :::: 
.... ) ..... :... .. ... : ...... ~ ..... ! ...... ~ ...... 
-100~~~~~~~~~~~~~~~~ 
1000 1400 1800 2200 2600 3000 
freq (Hz) 
Figure 7.4. Self-sensing vibration control for single frequency base excitation 
The addition of self-sensing feedback shifted the resonant peak of Figure 
7.3, attenuating the accelerometer output by 15 dB at a frequency of 2.15 kHz. 
This downward shift of the resonant peak was unexpected. Recall, that the 
model predicts a self-sensed signal will take the form of equation (49) (restated 
here for convenience): 
(49) 
where R1 is the DC resistance of the actuator coil and L1 is its inductance. 
The coil resistance was measured with an ohm meter and found to be 
approximately 6.7 ohms. The inductance, Ll, was measured using an impedance 
bridge and found to be approximately 7 mHo These values yielded a cut off 
frequency of approximately 380 Hz for equation (49). The vibration control 
experiment was successful at a frequency around 2000 Hz; a frequency well above 
this cutoff frequency. Hence, the self-sensed signal should have been roughly 
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proportional to displacement (strain in the Terfenol rod), and the model would 
predict self-sensing feedback control as shown in Figure 7.5. 
F 1 
2 
ms+cs+k 
K 
x 
Figure 7.5. Block diagram of position feedback control of a single degree of 
freedom vibrational system 
From the block diagram of Figure 7.5, the following transfer function is obtained: 
X 1 
-=-----F ms2 + cs + K + k (51) 
from which it may be concluded that the model predicts that feedback will 
increase the actuator "stiffness". However, the experimental data for both single 
frequency and broadband excitation show the resonant peak shifted to a lower 
frequency, indicating a decrease in actuator stiffness. 
The discrepancy between the model prediction and experimental results is 
not surprising, given the simplicity of the model. The electrical impedance 
cannot be adequately modeled using a linear first order system. The shifts in 
actuator resonance due to misalignment in the transducer cannot be ignored 
either. Perhaps the feedback signal simply drove the actuator in a fashion that 
caused the transducer to slip into misalignment. However, the results are not 
without value. The self-sensed signal was fed-back, it did drive the transducer, it 
did alter the system dynamics, and it did so in a stable fashion. 
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8. SUMMARY AND CONCLUSIONS 
A method of analyzing magnetostrictive transduction in a Terfenol 
transducer was developed. The method is based on electromechanical analogies, 
magnetically coupled circuit theory, and the concept of a linear transformer that 
converts electrical signals to mechanical motion. The electrical driving point 
impedance of an electromechanical device was shown to be a linear combination 
of two terms. The first term is due to the applied current and is referred to as the 
blocked electrical impedance. The second term is due to the velocity of the 
mechanical system and is referred to as the motional impedance. The 
constituitive equations for Terfenol were presented as they appear in the 
literature. Using the transduction analysis techniques and the consituitive 
equations, expressions for the Terfenol blocked and motional impedance were 
obtained and an equivalent circuit model for magnetostrictive transduction in a 
Terfenol transducer was derived. 
Examples of self-sensing transducers were reviewed. Common to each of 
these self-sensing electromechancial devices was the idea of a bridge circuit for 
extracting signals from the input electrical terminals that are proportional to the 
velocity of the mechanical system, i.e., a self-sensed motional signal. It was 
shown that a properly designed bridge circuit produces a signal proportional to 
the transducer motional impedance and, hence, the velocity of the mechanical 
system. The circuit model for a Terfenol transducer was used to design a self-
sensing bridge circuit. A prototype self-sensing transducer was built and test of 
concept experiments performed. 
From the test of concept experiments it was concluded that the transducer 
could sense its own motion while being driven for single frequencies and 
constant amplitudes of applied current. This conclusion was based on the ability 
to observe a signal of 4000 Hz in the bridge output due to excitation at the 
transducer base as the transducer itself was being driven at 2000 Hz. It was also 
concluded that the signal could be used for feedback control of the transducer 
mechanical dynamics. This conclusion was based on the 6 dB reduction in 
vibrations transmitted to a mass affixed to the top of the transducer while the 
transducer experienced single frequency force excitation at its base. The 
attenuation was observed with the application of self-sensed motional feedback. 
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It was also qualitativly concluded that the transducer driving point electrical 
impedance was non-linear. This conclusion was based on the difficulties 
experienced in balancing the bridge circuit for single frequencies of excitation as 
the amplitude of drive current signals was varied. 
A Terfenol transducer was used for blocked and driving point impedance 
experiments. A large body of experimental evidence was collected showing the 
transducer impedance varied in a nonlinear fashion with both frequency and 
drive current amplitude. The blocked electrical impedance of a Terfenol 
transducer is inductive and therefore proportional to the permeability of the 
specific Terfenol rod in use. The permeability of Terfenol in an actuator was 
concluded to vary with drive current amplitude and frequency. The dependence 
on drive current amplitude was suggested as being related to variations in the 
minor hysteresis loops that describe the magnetic coupling. As drive current 
increases, the shape and orientation of the magnetic hysteresis loop changes, 
resulting in variations in the magnetic permeability of the material. It was 
concluded that the non-linear relationship between impedance and drive 
current was the result of these magnetic hysteresis effects. It was noted that the 
non-linear dependence on drive current exhibited an interesting trend with 
increasing frequency. At low frequencies, the reactance is most greatly affected. 
At high frequencies, the resistance. The electrical impedance of a solenoid with a 
Terfenol core was also observed to vary by an order of magnitude depending on 
boundary conditions on the Terfenol rod core. Finally, it was hypothesized that 
frequency dependent eddy current effects might account for the variation in the 
resistance. Overall, the data provided quantitative reinforcment of the 
conclusion that the transducer electrical impedance was non-linear. 
Self-sensing experiments established the ability to balance the self-sensing 
bridge and use it to detect a change in the actuator motional impedance. The first 
experiment demonstrated that the bridge circuit could be balanced for single 
frequency excitation voltages and could be used through a limited bandwidth of 
frequencies. The bridge, when balanced, achieved in excess of 50 dB common 
mode rejection. The second experiment demonstrated that for a limited 
bandwidth of frequencies the output of the self-sensing transducer appeared to be 
proportional to the acceleration of a mass affixed to its free end. 
Finally, the motional feedback experiment was repeated using a more 
72 
rigorous experimental approach. A 15 dB reduction in transmitted vibration was 
observed by the use of self-sensed feedback control of the Terfenol-D transducer. 
The control worked for both single frequency and broadband base excitations. 
Further research is suggested to explore the blocked impedance 
dependence on frequency. A new approach could be taken that would be the 
opposite of that applied in this thesis. This approach would fix a nominal drive 
current, and concentrate on finding a combination of linear circuit elements 
whose impedance would match the transducer's blocked impedance dependence 
on frequency. This method might achieve greater bandwidth without greatly 
raising the noise base. 
Further study of the transducer's motional impedance is called for to 
establish to what extent non-linearity is a factor. Based on the experimental 
results, it appears that for the purposes of self-sensing, non-linear effects may be 
discounted as long as motional effects dominate. This is purely a qualitative 
statement, however, and further experiments are required to determine when it 
is safe to say motional effects are the main contributor to the output of the bridge 
circuit. 
A non-linear model might be developed if possible/necessary. This 
research could be conducted in the time domain to establish a current to voltage 
relationship for .the device. Using the non-linear time domain model, it may be 
possible to construct an adaptive bridge circuit capable of achieving self-sensing 
throuh a greater bandwidth and range of drive current amplitudes. 
An alternate method for self-sensing that makes use of a second "sensing" 
coil has also been thought of for the Terfenol actuator. This coil would provide a 
sensed voltage signal proportional to the total magnetic flux through the 
Terfenol rod. The total flux through the rod is due to the current in the solenoid 
and the effects of mechanical loading. It should be possible to retrieve a signal 
due to mechanical loading from this secondary coil. 
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APPENDIX A: VIBRATION CONTROL OF A BEAM 
A goal of the research was to duplicate the self-sensed vibration control 
experiments performed in references [7,8]. In these experiments, a self-sensing 
piezoelectric actuator was fastened to a cantilevered beam. The piezoelectric 
actuator was a wafer of piezoc~ramic material that was glued to the beam (see 
Figure 2.13). The actuator was capable of applying a distributed moment and was 
used to control the transverse vibrations of the beam using the self-sensed signal 
for position feedback. 
To similarly test the magnetostrictive transducer, the experimental 
apparatus of Figure A.1 was assembled. The beam had a first mode natural 
frequency of approximately 20 Hz. A bridge was constructed and tuned at 20 Hz 
to achieve self-sensing. However, self-sensed signals were so small in this 
configuration that they were lost in the noise base. 
Since self-sensing control was not achieved, an accelerometer signal was 
used for position feedback control of the cantilever beam trcmsverse vibrations 
(as illustrated in Figure A.1). 
Audio Amplifier 
Terfenol-D 
Transducer 
24"x1"x.25" Aluminum Beam 
Accelerometer 
..... __ Analog, 2nd order ~---1 Accelerometer 
filter model of beam Charge Amp. 
1 st bending mode 
Figure A.1. Experimental test setup for vibration control of a beam. 
Description of Experiment 
A self-sensing experiment was conducted as described in Chapter 6. 
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However, in this case the mechanical load was applied via the cantilevered beam 
instead of a mass. 
Feedback control of the beam's first bending mode was also attempted. 
The beam was excited at its free end using impulsive loads delivered using a PCB 
impact hammer/force transducer. Output of the accelerometer and impact 
hammer were recorded using a Tektronix 2630 Fourier Analyzer and a Zenith 
386 data collection system. Output of the accelerometer was fed-back through a 
second order bandpass filter (circuit diagram in Figure A.2, Bode plot in Figure 
A.3) and applied as an input to the Terfenol transducer. 
lOOkO 
lOOkO 
Figure A.2. Circuit diagram of second order, bandpass filter. 
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Figure A.3. Bode plot of filter frequency response function 
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The beam. driving point frequency response function was computed 
between output acceleration and input force with and without bending moment 
control supplied by the Terfenol transducer. 
Discussion and Results 
It was observed that it was impossible to drive the beam. using broadband 
excitation (0-50 Hz). The beam could be driven, however, if a signal of 19.2 Hz 
and sufficient magnitude (approximately 0.5 amps) was applied at the actuator 
electrical terminals. The configuration was very sensitive in this regard. Figure 
A.4 compares the beam. acceleration when driven at 19.2 Hz with the acceleration 
when the beam was driven at 19.7 Hz. 
Notice that the response is nearly 20 dB down in the span of just .5 Hz. 
Notice also that the first harmonic appears. This is probably an indication that 
the transducer was not properly magnetically biased. Harmonics (or at least 
frequency doubling) appear when the transducer operates near the origin of the 
strain versus magnetic field intensity plot shown in Figure 2.1. Positive 
displacments are possible for both positive and negative magnetic field 
intensities. The transducer is magnetically biased so that a sinusoidal magnetic 
field intensity alternately adds to or subtracts from the magnetic bias, but always 
maintains a net positive magnetic field. The presence of the harmonic in Figure 
A.4 suggests that the bias was insufficient for the magnitude of field variations 
that were applied. 
To test self-sensing, a bridge circuit was constructed and balanced at 20 Hz 
(no mechanical load on the transducer). The beam was then coupled to the 
transducer via a lever arm as illustrated in Figure A.l. The influence of the 
mechanical load presented by the beam on the transducer's electrical impedance 
was undetectable. The mechanical coupling between transducer and beam as 
configured did not cause a significant change in the transducer motional 
impedance, and it was impossible to duplicate the self-sensing experiments using 
this configuration. Nevertheless, because there have been very few results from 
experiments performed using Terfenol-D actuators for vibration control 
published, an accelerometer was attached and feedback control attempted using 
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Figure A.4. Comparison of beam acceleration for two single frequency excitations 
output from the accelerometer instead of the self-sensed signal. 
The control was a variation on the positive position feedback algorithm 
used in reference [7]. This technique was developed by Fanson and Caughey and 
is described in reference [15]. The technique appears to be a form of model based 
control. Displacement is measured at the point of actuation and is used for 
feedback. The controller is in the feedback loop and consists of a group of second 
order filters in parallel. Each filter is tuned to a structural natural frequency, and 
in essence acts like a vibration absorber. 
For this experiment, only the first transverse vibrational mode of the 
beam was controlled. The system was modelled with the block diagram of Figure 
A.5. Note that in the block diagram negative feedback is employed. Actuator 
dynamics are ignored. Beam dynamics are modelled using an infinite number of 
2nd order equations that describe the response of ea~ mode of vibration (modal 
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analysis approach). If only the first mode of vibration is considered, the block 
diagram reduces to the following closed loop transfer function: 
It can be seen from the transfer function that the response goes to zero at the 
resonant frequency of the filter. The feedback control behaves like a tuned 
vibration absorber. 
Driving point frequency response functions were measured at the free end 
of the cantilever beam. The FRF's were taken for the beam response with and 
without control. The gain of the feedback loop was set by trial and error based on 
the observed beam response (basically the amp was "turned up" as high as 
possible without making the system unstable). The results of this experiment are 
shown in Figure A.6. 
Conclusions 
A Terfenol transducer was used to achieve active vibration control of a 
cantilever beam. The control reduced the driving point frequency response by 
approximately 15 dB's. The feedback signal was from an accelerometer located at 
the free end of the cantilever beam. A second order bandpass filter was 
employed to make the closed loop transfer function behave like a tuned 
vibration absorber. This strategy should work for other modes of vibration as 
well. A digital control system is envisioned that could control a multitude of 
81 
vibrational modes using parallel digital filters. 
Options for further research include investigation of the bandwidth of the 
control system. This might be achieved by mass loading the beam (lowering the 
natural frequency) or shortening the beam length (raising the natural frequency). 
The experiment chould be repeated using a strain gage measurement at the 
cantilevered end of the beam to obtain a collocated feedback signal. Control of 
higher frequency modes could be attempted. Also, a model of the beam and 
actuator coupling should be developed. 
Further research is required to understand why the self-sensed signal did 
not work. The problem may have been poor mechanical coupling between 
transducer and beam. An experiment has been proposed using a shorter lever 
arm between actuator and beam. 
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APPENDIX B: IMPEDANCE DATA 
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